atients with liver cirrhosis (LC) frequently experience autonomic cardiovascular dysfunction, such as increased activity of the sympathetic nervous system and reduced vagal cardiac function, 1-3 which has important implications for liver dysfunction and poor survival. 4, 5 Cardiovagal baroreflex has been shown to be an important determinant of electrical stability in the heart, 6,7 a key mechanism of short-term (ie, beat-by-beat) arterial pressure (AP) control, and its sensitivity can predict increased mortality and end-organ damage. [8] [9] [10] [11] Cardiovagal baroreflex sensitivity (BRS) has been associated with changes in left ventricular (LV) morphology, and impaired BRS may be a marker of target organ damage in hypertensive patients. 8, 12 Patients with cirrhotic cardiomyopathy have enhanced activity of the sympathetic nervous system and hyperdynamic circulation showing increased cardiac output and reduced systemic vascular resistance. 13, 14 These changes may induce myocardial remodeling and LV hypertrophy (LVH), resulting in systolic and diastolic functional abnormalities. 14, 15 Despite the associations between BRS and changes in LV morphology shown in animals and in patients, 8,16,17 few studies have assessed the association of reduced cardiovagal BRS with the development of myocardial remodeling and increased LV mass index (LVMI) in LC patients. We therefore evaluated the relationship between the cardiovagal BRS control of heart rate (HR) and morphological and functional cardiac modifications in patients with LC.
Methods
We enrolled 82 cirrhotic patients scheduled for liver transplantation between July 2006 and June 2007. We excluded patients taking any cardiovascular medication, including β-blockers and calcium channel blockers; those with acute on chronic liver failure, hepatorenal syndrome, hepatopulmonary syndrome, or hepatic encephalopathy; and patients with diabetes mellitus or SONG JG et al. cardiovascular disease. Of 82 patients, 71 (87%) had chronic hepatitis B-related LC, 7 had alcoholic LC, 2 had hepatitis C-related LC, and 2 had cryptogenic cirrhosis. Stratification of patients according to modified Child-Turcotte-Pugh (CTP) showed that 20 patients (24%) were in Child class A, 34 (41%) in Child class B, and 28 (34%) in Child class C. LC was diagnosed on liver biopsy and accepted clinical and biochemical criteria. In 41 patients (50%), ascites was confirmed on ultrasonography.
We also enrolled an age-matched control group without liver disease for the evaluation of cardiovascular autonomic function. This control group consisted of 17 individuals (11 men, 6 women; mean age, 49.7±7.5 years). None of these individuals was taking any cardiac medication, had cardiovascular diseases or had diabetes. The study was approved by the Institutional Review Board, and all subjects provided written informed consent.
Subjects were placed in the supine position for at least 10 min in an environmentally controlled experimental room with an ambient temperature of 23-25°C in the morning. HR was measured continually using a standard electrocardiogram (ECG). Non-invasive beat-to-beat AP in the middle finger was deter- Figure 1 . Representative examples of RR interval (RRI), systolic arterial pressure (SAP), heart rate variability (HRV), SAP variability (SAPV), coherence, and baroreflex sensitivity (BRS) in the supine position in a (blue) control subject and (red) patient with liver cirrhosis. Note the changes in time series of RRI and SAP and changes in frequency ranges of HRV and SAPV. BRS calculated from frequency ranges showing coherence >0.5 is also illustrated. The shaded areas represent the low-frequency (LF; 0.04-0.15 Hz) and high-frequency (HF; 0.15-0.40 Hz) regions, respectively. Baroreflex Sensitivity and LV Mass mined using photoplethysmography (Finometer, FMS, The Netherlands), a technique that provides results correlating with directly measured radial AP. 18 An appropriate-sized Finometer blood pressure cuff was placed on the middle finger and adjusted to heart level. After stabilizing the finger pressure signal, ECG and AP signals were continuously recorded for 10 min in the supine position with spontaneous breathing. Beat-bybeat ECG and AP signals were digitized and collected at 500 Hz using an online personal computer interfaced with an analogto-digital converter (DI-720U; DATAQ Instruments, Akron, OH, USA). Offline analysis was performed using signal processing software (CODAS, DATAQ; DADiSP/Adv DSP, DSP Development, Cambridge, MA, USA) and custom-written MATLAB (MathWorks, Natick, MA, USA) scripts. 19, 20 To measure cardiovagal BRS, we first evaluated RR interval (RRI) variability and systolic AP (SAP) variability (SAPV) using frequency domain analysis. The amplitude of low-frequency (LF) SAP oscillations (0.04-0.15 Hz) was evaluated as a sympathetic control of the vasculature, and the amplitude of high-frequency (HF) RRI oscillations (0.15-0.40 Hz) as a vagal control of the heart. 21 Stationary 6-min time series of beat-bybeat RRI and SAP were interpolated to 5 Hz to provide equidistant samples. The fast-Fourier-transformed power spectrum density of the signals, which was based on Welch's algorithm of averaging periodograms, was calculated using a sliding window with a width of 500 points and an overlap of 250 points after detrending and application of a Hanning filter. This method yields a frequency resolution of 0.01 Hz. The resulting 5 periodograms were averaged to produce the estimated spectrum.
Frequency-domain transfer function analysis was used to quantify cardiovagal BRS, as described. 22 Briefly, the transfer function gain and coherence (the squared coherence function) between SAP and RRI were estimated using the cross-spectral method. 19 LF gain, for which the coherence exceeds 0.5, was used to calculate the cardiovagal BRS from the transfer function gain. This band area is believed to derive from the blood pressure regulatory system, thus reflecting the function of the beat-to-beat SAP control system and baroreflex. 22 Prior to surgery, patients underwent comprehensive echocardiographic evaluation using a Hewlett-Packard Sonos 2500 or 5500 imaging system to evaluate heart morphology and function. Parameters measured included end-systolic LV internal diameter (LVIDs), end-diastolic LV internal diameter (LVIDd), end-systolic LV posterior wall thickness (LVPWs), end-diastolic LV posterior wall thickness (LVPWd), end-systolic interventricular septum thickness (IVSs), end-diastolic interventricular septum thickness (IVSd), LVMI, diameter of the left atrium (LA), diameter of the aorta, end-diastolic volume (EDV) and end-systolic volume (ESV). LV wall thickness (LVWT) was calculated as IVSd + LVPWd and LV relative wall thickness (RWT) was calculated as (IVSd + LVPWd) / LVIDd. 3 Parameters of systolic function included LV ejection fraction (LVEF), stroke volume (SV) and fractional shortening (FS), with the latter calculated as [(LVIDd -LVIDs) / LVIDd] × 100 (%). Diastolic function was assessed on 2-D echocardiography as E/A ratio, where E is the early maximal ventricular filling velocity, and A is the late diastolic or atrial velocity, and deceleration time. LVMI was calculated by dividing LVM by the body surface area. LVH was defined as LVMI >118 g/m 2 for men and LVMI >108 g/m 2 for women. 23 All data are presented as mean ± SD, with groups compared using the chi-square test, t-test, 1-way analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons, the Kruskal-Wallis test and the Scheffe or Dunn's test, as appropriate. Because the autonomic function data were skewed, these data were analyzed after natural logarithmic transformation. Correlations between independent variables 
Results
Representative tracings of RRI, SAP, HR variability (HRV), SAPV, coherence, and transfer function gain from a patient with LC and from a control subject are shown in Figure 1 . Subjects were classified by tertiles of LVMI and BRS, with Table 2 lists echocardiographic data in groups of LC patients classified by tertiles of LVMI and BRS. As expected, patients in the highest LVMI tertile had significantly higher LVIDs, LVIDd, LVPWd, IVSs, IVSd, LVWT, LVMI, LA, ESV, and EDV than patients in the lowest LVMI tertile. Echocardiographic parameters of LV systolic function such as SV differed significantly among the LVMI tertiles, whereas LVEF and FS did not. Parameters of LV diastolic function, such as peak E and peak A velocities, differed significantly among the LVMI tertiles. Patients in the lowest BRS tertile had significantly higher LVMI, LVPWd, IVSd, and LVWT than those in the lowest BRS tertile. In contrast, parameters of LV systolic and diastolic function did not differ significantly among the BRS tertiles.
When we compared the autonomic data in LC patients and controls, we found that HRVLF, HRVHF, SAPVLF, total power of SAPV and BRS were significantly lower in LC patients (P<0.05 each; Table 3 ). Moreover, BRS in the highest LVMI tertile was significantly lower than that in the lowest LVMI tertile (4.6±2.3 ms/mmHg vs. 6.4±3.1 ms/mmHg, P=0.012; Figure 2 ).
When we examined the relationship between BRS and cardiovascular parameters, including age, sex, body mass index, HR, SAP, DAP, and functional and morphological cardiac parameters, we found that BRS was significantly correlated with Table 4 ).
Multivariate stepwise linear regression analysis using the variables with P<0.1 on univariate analysis showed that only LVMI and HR were significant independent determinants of BRS in LC patients ( Table 4) . During a mean follow-up of 4.0±0.9 years (range, 1.0-4.9 years), 7 patients (8.5%) died, 5 (71.4%) of them from recurred hepatocellular carcinoma, 1 from sepsis and the other from pneumonia. Survival, however, was not different among BRS tertiles (log-rank test, P=0.852).
Discussion
The major finding of this study is that BRS is inversely correlated with LV morphology, including LVWT, IVSd, and LVMI, in LC patients. Multivariate regression analysis showed Tables 1,2 . SONG JG et al.
that only LVMI was independently associated with impaired BRS. The echocardiographic parameters of LV systolic and diastolic function, however, did not differ significantly among the BRS tertiles. These findings indicate that BRS is associated with cardiac morphology in patients with LC, suggesting that cardiovagal baroreflex control of HR may play an important role in increasing LV mass in patients with LC. Several studies have shown associations between impaired autonomic function and increased LV mass. For example, abnormal baroreceptor-cardiac reflex sensitivity in rats has been associated with increased LV mass. 24 In patients with end-stage renal disease, 12 LVH has been associated with deranged cardiac parasympathetic regulation, showing that the vagal tachycardic reserve was depressed in patients with severe LVH, irrespective of their uremic status. Associations between BRS and LV morphology and function have been demonstrated in patients with essential hypertension, including associations of BRS with LV geometry and LVMI. 8 In addition, decreased BRS was inversely correlated with changes in LVMI in children with obstructive sleep apnea. 17 Consistent with these results, we found that reduced cardiovagal BRS was associated with increased LVMI in LC patients. Although the mechanisms underlying this association remain unclear, they may be at least partly due to the relationship between reduced BRS and hemodynamics and humoral systems. 1, 25 Reduced BRS in cirrhosis is related to determinants of the hyperdynamic circulation and to the renin-angiotensin-aldosterone system, including with increased baseline plasma concentrations of renin, aldosterone and norepinephrine. 25 Moreover, significantly impaired urinary sodium and water excretion was observed in patients with vagal dysfunction compared with patients with normal cardiovascular tests, with these impairments associated with higher circulating concentrations of noradrenaline, renin, and anti-diuretic hormones after water loading. 1 Several factors may explain the cause of cardiac morphological changes. In hypertensive patients, changes in heart morphology may be due to neuroendocrine activation and autonomic dysfunction, with chronic sympathetic overactivity and norepinephrine release being found to play a crucial role in the determination of human cardiac hypertrophy. 26 In addition, reduced BRS has been associated independently with LV morphology in hypertensive patients, 8 consistent with the present findings. Taken together, these findings indicate that impaired BRS may play an important role in LV morphological modifications in both hypertensive and LC patients. Patients with LC have shown enhanced sympathetic nervous system activity, including increases in sympathetic nerve burst frequency and circulating catecholamine concentrations. 13 Because most LC patients do not have hypertension, changes in LC patients may be due to stimulation mediated by baroreceptors and volume receptors, resulting from low AP and reduced central blood volume. 13,14 Therefore, in LC patients, cardiac remodeling may be caused primarily by sympathetic overactivity together with the induction of an autonomic imbalance and relative parasympathetic withdrawal and, finally, with BRS impairment. 8 Alternatively, the hyperdynamic circulation in patients with advanced LC and portal hypertension may be due primarily to vagal autonomic dysfunction. 27 In rats with portal hypertension, the central cardiovascular regulatory nuclei initiate hyperdynamic circulation in response to a gut signal associated with portal hypertension, suggesting that central neural activation depends on vagal afferent nerves and thus plays a primary role in the development of hyperdynamic circulation. 28 Further studies are required to determine the mechanisms and links between impaired autonomic function and hyperdynamic circulation resulting in cardiac morphological modifications in patients with cirrhotic cardiomyopathy.
Determination of cardiac morphological changes in LC patients has yielded somewhat different results depending on the methods used. 29 In an animal study, eccentric LVH developed in bile duct-ligated rats in conjunction with the development of a hyperdynamic syndrome. 30 LC patients with hyperdynamic circulation have normal or increased LV mass, and higher LV end-systolic and -diastolic diameters than controls. 29, 31 In the present study, when we stratified LC patients by LVMI tertiles, we found that the highest tertile had a mean LVMI of 118±13 g/m 2 , meeting the inclusion criteria (LVMI >108 g/m 2 for women).
Cardiovascular oscillation is dependent on very complex interactions among hemodynamic, humoral and electrophysiological variables, which are integrated by the autonomic and central nervous systems. 18,20,21 BRS is an essential part of this regulatory system involved in the maintenance of circulatory stability. A decrease in BRS may result in blood pressure instability, contributing to organ damage and other undesirable outcomes. 32 Of the parameters reflecting cardiovascular autonomic function in LC patients, only BRS differed significantly among the tertiles of LVMI in this study. In contrast, none of the autonomic parameters, such as LF SAP and HF RRI oscillations, which reflect sympathetic and vagal control of the vasculature and heart, respectively, differed. Therefore, the present findings suggest that baroreceptors play more important roles than other autonomic function parameters such as HRV and BPV in maintaining circulatory stability and preventing cardiac morphological changes in LC patients.
The present study had several limitations. First, although we measured spontaneous cardiovagal BRS under basal resting conditions using spectral analysis, cardiovagal BRS can also be determined during a blood-pressure-perturbing period, by a modified Oxford technique or the Valsalva maneuver. The main limitation of spontaneous baroreflex gain based on conventional frequency domain approaches in the closed-loop and the non-perturbed environment is that it cannot identify whether the observed changes in SAP and RRI are the result of negative or positive feedback mechanism between SAP and RRI. Moreover, the effects of other variables such as respiration or chemoreceptors on the estimate of the baroreflex gain are not clearly considered. 33 Second, we measured indirect parameters of the sympathetic nervous system rather than direct measurements of sympathetic nerve activity and norepinephrine concentration. Third, owing to the small sample size of the present study, we could not determine whether liver transplantation would cause alterations in cardiac function nor whether BRS could predict outcome among BRS tertiles, because 1-and 5-year survival rates of liver transplantation at Asan Medical Center are approximately 93.5% and 83.2%, respectively. 34 Therefore, further study using a large number of patients is needed to confirm these issues.
In conclusion, the present results demonstrate that impairment of the baroreflex is related to worsening in cardiac remodeling, resulting in increased LV mass. These findings may suggest a relationship between cardiovagal BRS control of HR and change in heart morphology of LC patients.
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